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9 156 dissolved solution from each scaffold was placed into a well of a 96-well plate, and the 157 absorbance was measured at 540 nm with an ELISA reader. 166
The five treatment modalities were empty defects without scaffold (group 1; n=1);
167 defects filled with only scaffold (group 2; n=1); defects filled with osteoinduction medium-168 loaded scaffold (group 3; n=1); defects filled with 5 x 10 3 cells/scaffold (group 4; n=2) and 169 defects filled with 5 x 10 4 cells/scaffold (group 5; n=2).
170
Seven defects were created in each animal. The treatment modalities of the defects were 171 determined for each animal separately by a randomization chart.
172 173 Operation 174 Zoletil ® (5 mg/kg body weight) was injected in the neck area of the pig intramuscularly 10 176 protocol as described in previous studies [19, 33] .
177
The frontal bone was exposed after a standard sagittal approach in the forehead region.
178 Identical bony defects were then created with a saline-cooled trephine burr (diameter 8 mm, 179 depth 2 mm) meeting the requirements for a critical size defect in pigs [34] . The defects were 180 positioned at least 5 mm apart to minimize biological interactions [35] . The internal plate of the 181 neurocranium remained completely intact during the procedure. After well hemostasis, the 182 scaffold was implanted ( Fig 2) . The periosteum and skin over the defects were sutured in two In vitro fluorescence evaluation 257 The sterile scaffolds were individually placed onto the wells of a 48 well-plate. The cell 258 seeding density was 5 x 10 3 or 5 x 10 4 cells/scaffold in 50 μL of medium, and the cells were 259 seeded throughout the top side of the scaffold and then incubated for 3 h to allow cell attachment 260 before adding the maintenance medium. From day 3, osteoinduction medium was added, and 261 increasing expression of green fluorescence from day 3 to day 28 was observed in both groups 262 by fluorescent microscopy, especially in the 5 x 10 4 group (Fig 4) .
Fig 4. In vitro fluorescence evaluation of two different loading density in the scaffolds.
264 An increase in the expression of green fluorescence was observed from day 3 to day 28 in both 265 groups by fluorescence microscopy, especially in the 5 x 10 4 group. Fig 6A) . In the cross section of the scaffold (Fig 6B) ,
279 cells were distributed into the scaffold from the surface to the center from day 3 to day 28. On 280 day 28, more cells were observed in the central area in the 5×10 4 group than the 5×10 3 group, 281 and the space seemed to be sufficient for cell growth in both groups. 283 spread on the sponge, and cellular extension and networks between them were observed from 284 day 7 to day 28 in both groups. The connected pore was nearly covered by cells at day 21 in the 285 5×10 4 group and day 28 in the 5×10 3 group. The alkaline phosphatase staining results on the culture plates were observed by 295 microscopy (Fig 7A) . Both groups showed slight positive staining on day 7, and the relative 16 296 staining intensity increased on days 14, 21, and 28 compared to days 0 and 7 in the 5×10 3 cell 297 group. In the 5×10 4 cell group, the staining intensity increased significantly from day 7. In both 298 groups, the staining intensity continued to slowly increase steadily from day 21 to day 28.
299 Alkaline phosphatase is an early marker of bone formation, and the level increased significantly 300 in the first 2 weeks, followed by a slow steady increase until day 28. Alkaline phosphatase 301 activity ( Fig 7B) showed that the cells seeded in the two groups were able to produce alkaline 302 phosphatase on days 7, 14, 21, and 28, and the enzyme activity was significantly higher in the 303 5×10 4 group than the 5×10 3 group between days 7 and 28 (** p < 0.01, *** p < 0.001), indicating 304 higher osteoblast differentiation in the 5×10 4 group. 310 showed the enzyme activity was significantly higher in the 5×10 4 group than the 5×10 3 group 311 from days 7 to 28 (** p < 0.01, *** p < 0.001), indicating higher osteoblast differentiation in the 312 5×10 4 group. Data is shown as mean ± standard deviation.
313
314 Alizarin red S (ARS) staining and quantification 315 Alizarin red S staining ( Fig 8A) is indicative of bone mineralization and was negative on 316 day 7 in both groups. Up to day 14, all groups showed positive staining with a deep red color, 317 indicating bone nodule formation. The alizarin red staining quantification assay ( Fig 8B) was 318 performed at different time points, and the absorbance was measured at 540 nm using an ELISA 319 reader. The absorbance value significantly increased from day 7 to days 14, 21 and 28. The 320 values were significantly higher in the 5×10 4 group than in the 5×10 3 group on day 14 and 21 321 (p<0.05), consistent with the results of alkaline phosphatase staining. Confocal laser scanning microscopy was performed to image groups 1 through 5 from 332 week 1 to week 4. (Fig 9) . EGFP-pMSCs were present in the scaffolds in groups 4 and 5 through 333 the whole period. Although the EGFP expression decreased in the third and fourth weeks, DsRed 334 expression increased in groups 4 and 5. The green fluorescence was higher in group 5 than in 335 group 4 at each time point, similar to the in vitro fluorescence imaging results ( Fig 6A) . 348 Even at week 4, no sufficient two fluorescent cells were observed in group 1.
350
In vivo fluorescence quantification 351 The modified integrated density of green and DsRed fluorescence in the acquired images 352 was measured using Image J and expressed as bar graphs (Fig 10) . EGFP expression ( Fig 10A) 353 was higher in Groups 4 and 5 than in the other three groups from the 1 st week to the 3 rd week 354 (p<0.05; p<0.01) and was significantly highest in group 5 in the 4 th week (p<0.05). These results 355 indicate that the seeded cells were present in the scaffold and that the higher load of seeded cells 19 356 was sustained until the 4 th week. The results of the in vivo study were compatible with those of 357 the in vitro study. By the 4 th week, EGFP expression in Group 4 decreased to the levels in 358 Groups 1-3, which means that an insufficient number of seeded cells may not be effective for 359 tissue transplantation. EGFP expression was highest in the 2 nd week, which means that the 360 proliferation of seeded cells reached its highest peak, consistent with the in vitro ALP/ARS 361 staining results (Figs 7 and 8) .
362
In the 1 st week, DsRed expression ( Fig 10B) was higher in Group 4 than in the other 363 groups, indicating that recruitment of host cells was facilitated by the scaffold seeded with a 364 lower density of cells compared with the empty scaffold or scaffold seeded with a higher density 365 of cells. DsRed expression decreased from the 1 st week to 4 th week in group 4 but increased in 366 group 5, which means that more EGFP pMSCs can recruit more host cells 2 weeks after 367 transplantation and that enough available space and higher cell loading can benefit tissue 368 regeneration. The DsRed expression in groups 1 to 3 did not increase from the 1 st week to 4 th 369 week, indicating that the empty scaffold attracted host cells only in the first week after 370 transplantation and implying that scaffolds without seeded cells may not be effective for tissue 371 transplantation. Osteogenic differentiation may be responsible for the decreased expression of 372 EGFP and DsRed expression from week 2 to week 4 in groups 4 and 5. 
391
Masson's trichrome staining of cells increased in all groups in week 1 through 4, but 392 blue-colored osteoid-like tissue was only found in groups 4 and 5 after the third week (Fig 12) . The levels of the macrophage marker [37] CD68 were higher in groups 4 and 5 than in 406 the other groups in the fourth week (Fig 12) , especially around the neovascularization area. The 407 increase in macrophages indicated an increase in osteoclasts and, consequently, more 408 osteogenesis in groups 4 and 5. 
442
To the best of the authors' knowledge, the present study is the first to compare the 443 distribution and proportion of seeded cells and host cells by tracking two fluorescent cells in the 444 same scaffold in a pig critical-sized calvarial defect model.
445
To eliminate individual variations in the animal study, we used a critical-sized calvarial 446 defect in pigs instead of rats due to the limited size of rats. As an animal model, we chose the 447 domestic pig because its bone regeneration rates correlate well with those found in humans (pigs 
477
Our in vivo fluorescence analysis (Fig 9 and 10) showed that the green fluorescence in 478 the scaffold loaded with seeded cells in groups 4 and 5 was significantly higher than that in the 479 other groups from week 1 to week 4, which means that the seeded cells did play an important 480 role in the osteogenic differentiation process. EGFP-pMSCs were highest in group 5 in the 4 th 481 week, which means that the higher load of seeded cells was sustained until the 4 th week. DsRed 482 expression (Fig10) was highest in Group 4 in the 1 st week, indicating that recruitment [58, 59] of 483 host cells was facilitated in the lower density-seeded scaffold than the empty scaffold or higher 484 density-seeded scaffold. DsRed expression decreased from the 1 st week to 4 th week in group 4 485 but increased in group 5, which means that more EGFP-pMSCs can recruit more host cells in the 486 following period and that enough available space and higher cell loading benefit tissue 487 regeneration. The higher expression of EGFP and DsRed fluorescence in groups 4 and 5 were 488 compatible with the histological results, which indicated more obvious deposition of osteoids in 489 groups 4 and 5 in week 4. The immunohistochemical results for CD68 in week 4 also showed 490 obvious osteogenesis in groups 4 and 5.
491
Our in vivo results demonstrated that the seeded MSCs promoted host cell migration, 492 which contributed to the higher number of host cells in the transplanted scaffolds. In addition, 493 according to the histological staining, we found that the percentage of osteoid formation in the 494 scaffolds transplanted with seeded MSCs was significantly higher than that in the control group, 495 which means that not only the transplanted seeded cells but also the recruited host cells 26 496 contributed to the entire process.
497
In summary, we found that more seeded cells recruit more host cells and that both cell 498 types participate in osteogenesis. Recruitment of host cells was facilitated in the lower density-499 seeded scaffold than the empty scaffold or higher density-seeded scaffold in the first week but 500 sustained recruitment of host cells was achieved in higher density-seeded scaffold and result in 501 more obvious deposition of osteoids. Scaffolds without seeded cells may therefore not be 502 effective in bone transplantation based on this in vivo study. 
